Introduction
The choice of composite materials as a substitute for metallic materials in high technological applications such as in the marine field is becoming more pronounced especially due to the great weight-savings these materials offer. In many of these practical situations, the structures are subjected to high impact loads like slamming, impact, underwater explosions or blast effects. Material and structural response vary significantly under impact loading conditions compared to static loading. The mechanical characteristics of these materials are well known for static loading; however, with the strain rate they are likely to evolve (Goldsmith et al., 1995; Shi et al., 1993; Tsai & Sun, 2004; Tsai & Sun, 2005; Gillespie et al., 2005; Brara & Klepaczko, 2007) . The behaviour of structures subjected to impact has been of interest to many scientists for design purposes as well as for the purpose of developing constitutive models of the materials tested [7] [8] . The study of the composite materials behaviour at high strain rates is still relatively new and reliable data on strain rate effects is very scarce. Even though the problem of obtaining reliable data is accentuated by difficulties encountered in design and conducting impact tests on composites [9] , the qualitative relationship between the dynamic constitutive response and the dynamic damage evolution for composites at high strain rates is still far from being fully understood. To investigate the rate-dependent constitutive relations of materials at high strain rates, the Split Hopkinson Pressure Bar (SHPB) technique has been extensively accepted [10] . Experience of the use of SHPB for the investigation of metals has led to the adaptation of this technique for the characterization of laminated polymer composites at medium strain rates. Significant efforts have been made to examine the high strain rate behaviour of more brittle materials such as composites and ceramics using the split Hopkinson bar to measure dynamic response of materials under varying loading conditions (Kumar et al., 1986) ; (El-Habak, 1991) , (Harding, 1993) , (Sierakowski & Nevill, 1971) . Ochola et al. (2004) studied the strain rate sensitivity of both carbon fibre reinforced polymer (CFRP) and glass fibre reinforced polymer (GFRP). The results show that the dynamic material strength for GFRP increases with increasing strain rates and the failure strain for both C F R P a n d G F R P i s s e e n t o d e c r e a s e w i t h increasing strain rates. Vinson & Woldensenbet's (2001) results show that the ultimate stress increases with increasing strain rate. Most recently, the study conducted by Hosur et al. (2004) presents the effect of in-plane off-axis testing of an 8-harness satin weave carbon fabric/SC15 composite specimen. The specimens were tested in the in-plane direction of 0°, 15°, 30°, 45°, 60°, 75°, and 90° in a range of strain rates from 1092 to 2425 s -1 . From this study it was noted that the high strain rate-tested specimens showed a considerable increase in the stress to failure and stiffness of the composite compared with the quasistatic loaded specimens. Depending on the fibre orientation of the specimens, the ultimate strength and strain varied considerably and exhibited a nonlinear stress-strain response that increased with angles up to 45°. Gary & Zhao (2000) employed the use of low impedance materials such as nylon, for the incident and output bars of the split Hopkinson bar, to test the strain rate behaviour of glass epoxy composite panels. The failure strength of the glass epoxy panel tested by Gary and Zhao is reported to be strain rate sensitive. Fibre orientation effects on high strain rate properties were considered recently for a carbon epoxy system. Tsai & Sun (2002) have reported the difference between tensile and compressive behaviours in a unidirectional glass fibre-reinforced composite, and developed a nonlinear rate-dependent viscoplasticity model to characterize its compressive stress-strain relationship. Many different models (Gama et al., 2001) , (Haque & Ali, 2005) , ) have been developed to predict failure stress and modes in composites subjected to quasi-static loading. However, few criteria have been developed and experimentally validated for high strain rate loading. In this study, specimens of glass/epoxy composite were subjected to static and dynamic compression loading. Quasi-static tests were conducted on an Instron universal machine to evaluate the elastic properties and quasi-static response, while the split-Hopkinson pressure bar (SHPB) is used for dynamic tests. Samples were tested in-plane and out of plane direction. The fibre orientations of the samples were 0°, ±20°, ±30°, ±45°, ±60°, ±70° and 90°. Stress-strain curves at increasing strain rates were obtained for different cases. However, no experimental data for the intermediate range of strain rates between (80s -1 to 300s -1 ) was obtained, because the Instron universal testing machine and the SHPB employed in the experimental tests are designed respectively for low and high strain rates. Off-axis composites and angle-ply laminates exhibited significant nonlinear and strain-dependent behaviour. Finally, experimental observations enable us to draw up a history of dynamic damage in the specimens according to fibre orientation and load direction.
Materials
The material used in this study consists of 2400 Tex E-glass fibres impregnated with an epoxy matrix. The resin is an EPOLAM pre-polymer, EPOLAM 2020 hardener and 2020 accelerator from Axson. Glass fibres are commonly used for naval applications because of their high strength/mass ratio and their low cost compared to other reinforcements. The reinforcement consists of a plain weave fabric with 90% warp yarns and 10% weft yarns. Panels are made by an infusion process and seven orientations are studied: 0°, ±20°, ±30°, ±45°, ±60°, ±70° and 90°. The square panels, 500×500 mm, were cut into cubic samples of the geometry dimensions as shown in Two types of static compression tests are used to obtain the elastic properties of the lamina. In-plane loading (IP), parallel to the plies plane; plane (1,2), and out-of-plane loading (OP), according to the thickness; direction 3 ( Figure 1 ). 
Dynamic compression loading
The split Hopkinson bar test is the most commonly used method for determining material properties at high strain rates, Figure 2 . This technique of characterization, based on the response of material to wave propagation for high strain rate, was improved by Kolsky (1949) . 
Assumption for description of material deformation
We assume for the mathematical description of material deformation under dynamic impact (Zukas et al., 1992 ): 1. The state of the stress over the cross-sectional area is one-dimensional and uniaxial. 2. The state of the stress at any instant is homogenous and in equilibrium over the entire composite specimen. 3. Transverse strain, lateral inertia, and body forces are negligible. 4. Frictions with the interfaces bar-sample are negligible. A wave is dispersive if it changes shape (through components which travel at different velocities). Issues rated to the effect of dispersion in a SHPB at a high strain rate are worthy of verification because composite materials undergo elastic deformation under dynamic or non-uniform loading conditions, making it possible for the pulse to change in amplitude and duration during transmission through the specimen. Since the calculated axial stress in the specimen depends linearly on the axial strain on the output bar, wave dispersion would result in underestimating the strength of the specimen. Using longer bars and a short specimen minimizes the effect of non-uniform stress and nonequilibrium within the specimen used in this study. Since the time to traverse the specimen is short compared to the duration of the wave, equilibrium within the specimen is satisfied by the possible multiple reflections, (Ravichandran & Subbash, 1994) . Thus, stress will be homogenous within the specimen, satisfying assumption (3). Transverse strain, lateral inertia, and body forces are all negligible since the rise time condition is satisfied and the impact is parallel to the longitudinal direction. Validity of the SHPB for application to the dynamic behaviour of materials is well documented (Zhao & Gary, 1996) , (Follansbee & Frantz, 1983 
Vt the particle velocity, and ρ the density of the striker material. Accurate measurements of the wave pulse and particle velocity in dynamic impact studies are important since the wave pulse is in fact the propagation of the disturbance or vibration of the particles. The amplitude of the incident wave pulse depends on the impact velocity (a function of the applied air pressure) and material properties of the striker. The particle velocity is as follow:
Velocities with the interfaces specimen/bars are:
where ( ) ( )
Equations (6) and (7) give respectively, the strain, the stress and the strain rate in the sample. i ε , r ε , t ε being respectively the incidental and reflected deformations pulse at the input bar/specimen interface and that transmitted by the interface specimen/output bar interface, Figure 1b . Those are determined by transport formulas of the signals of the gauges towards the interfaces specimen/bars. This transport takes into account the correction of the dispersive character of the propagation, of the deformations pulse in the bars, by optimization of the decomposition coefficients, in series of Fourier, of the signals. The particles in the input bar will propagate to the right at a relative velocity of b V in the longitudinal direction of the wave pulse. With a specimen of cross-sectional area 0 S , sandwiched between the input and output bars, equilibrium at the interfaces is satisfied by the continuities of forces and velocities at the interfaces such that the particle velocities, sample stress, strain and strain rate for a thin sample are derived as: 
Assuming equilibrium in short specimen, tir = + εεε ; the strain, strain rate and stress is: 
Data processing procedure
The dynamic compression test conducted in this study consists in placing a cubic sample (13mm in length) between two bars with a high elastic limit, called input bar and output bar. The bar diameter was 20mm. The striker bar was 0.8m long, while the incident bar length was 3m and the transmission bar 2m. These bars are correctly aligned and are able to slide freely on their support. The composite specimen is not attached to the bar in order to prevent the perturbations of measurements due to additional interfaces. The experimental set-up consists of (1) a stress generating system which is comprised of a split Hopkinson bar and the striker, (2) a specimen, (3) a stress measuring system made up of sensors (typically, resistance strain gauges), and (4) a data acquisition and analysis system. The signals are treated with Maple Software using Fast Fourier Transformation to obtain the evolution of the dynamic parameters: stress vs. strain, strain rate vs. time, incident and transmitted load and velocity at the interfaces input bar/sample and output bar/sample vs. time. 
Dynamic response
Before launching the experimental study for a dynamic case, it is necessary to ensure that the tests can be reproduced. With this objective in mind, for each fibre orientation, a minimum of three tests were carried out at the same impact pressure in order to analyze the tests reproducibility. As figure 4a shows, it is noted that the tests are repeatable and a fact that was checked for each test. Figures 4b and 4c show the velocities and the loads at two faces of specimen. For in-plane and out of plane tests, results for compressive strain rates between 200s -1 and 2000s -1 are obtained using SHPB. Figure 4d shows the evolution of the strain rate versus time. The maximum value is taken into account for the analysis of the experimental results. 
For in-plane tests
The strain rate evolution is sensitive to the entry pressure P in the chamber of compressed air (impact pressure of the striker on the input bar), the loading direction and the sample lay-up (angle θ ). The fibre orientation has an effect on the strain rate evolution. Figure 5 gives an example of the evolution of the strain rate vs. 40 . The presence of a second peak is the principal characteristic of these curves, which characterizes the onset of macroscopic damage, which we will see in detail in section 5. The critical pressure P c responsible for the appearance of a second peak is shown in table 3. The appearance of a second peak is around 1.4bar for [0°] 40 and between 0.6-0.9bar for the other orientations. Table 3 . Critical impact pressure for appearance of second peak
The dynamic behaviour for IP tests is dominated by compressive properties of the polymeric matrix and the damage kinetics is affected by fibre orientation. For non damaging tests, the fall of strain rate reaches negative values, which correspond to the springback in the sample. The combination of ( )
curves, which will be discussed in the next paragraph, reveals that the second peak corresponds to the fall of stress in the sample. The glass/epoxy composite materials present a high strength on compressive dynamic loading for out-of-plane tests (Bancroft, 1941) . Figure 6 shows the dynamic behaviour of the laminates for the 9-impact pressure. With a view to simplifying the graphic representations, the analyzed parameters dynamic E and max σ will be given according to the impact pressure (P) and the fibre orientation θ (Teta). Figure 7 shows the detailed trends of dependencies of dynamic E and max σ on both fibre orientation and impact pressure. At a given impact pressure, the origin stiffness evolution with fibre orientation presents a minimum around 55°-65°. This tendency is not encountered in quasi-static loading for which a monotonic decrease associated with the fibre orientation increase of 0° to 90° can be analytically proved. This tendency can be explain by the fact that strain rate is not constant at a given impact pressure, as shown in Figure 8 , and viscoelastic effects cannot be neglected. For the various orientations, the laminate stiffness dynamic E and the maximum stress max σ increase with the impact pressure until a pressure threshold is reached from which the tendency is reversed; i.e. they decrease with the increase of impact pressure. Table 3 gives the pressure thresholds. The thermal softening due to inelastic heat dissipation and damage may explain this behaviour. 
For out-of-plane tests
For out-of-plane (OP) tests, figure 8 give the evolution of the strain rate of Figure 10 . The unloading part of ( ) f σ = ε curves indicates if there is plasticity or other damaging modes.
The second peak of ( ) f t = ε curves corresponds to the fall of stress in the sample. The dynamic behaviour of the various laminates is strongly affected by the strain rate and fibres orientation, Figure 11 . For OP tests, there is always an increase in dynamic E and max σ with the increase in the impact pressure. There is not threshold effect for OP loading; the transitional pressure does not exist.
Kinetics of macroscopic damage
Damage tolerance is an important parameter for the use of composite materials in technologically advanced sectors and in particular for military naval applications. This characterization involves drawing up a history of the damage kinetics of the specimens from initiation to complete failure. Several techniques are used to examine the extent of damage. First, during the dynamic compression high-speed photography and infrared cameras are used to follow the damage in the samples. Frames taken in real time are used to illustrate the evolution of the damage. Impacted samples are inspected by optical techniques and fluorescent dye is applied to improve damage visualization. The onset of macroscopic damage can also be located by the presence of a second peak on the ( ) f t ε = curve. These various techniques make it possible to follow the macroscopic and microscopic damage. The failure modes preserved in the specimens after mechanical loading at various impact pressures thus well define damage and failure loading history at high impact pressure. According to the results stated previously, it can be concluded that the damaging mode mainly depends on the fibre orientation and the loading direction without significant strain rate effect.
For in-plane tests
Based on the results obtained five damaging modes for 0°, 20°-30°, 45°, 60°-70° and 90° were determined. Figures 12 to 20 summarize the damaging modes for the various laminates. Each figure outlines the specimen's history of damage initiation up to final failure. In this section we will discuss the damage that occurs in dynamic compression for the various orientations. Through this analysis, we will establish a history of defect development in the samples until final failure.
a) For [0°] 40 laminates
The damage for the [0] 40 laminate occurs for an impact pressure higher than 1.4bar (
). The damage is initiated by matrix plasticity, which can be detected on the Figure 6 . It is followed by cracks crossing the layers of the laminate and forming the letter V. The branches of the letter V are due to layer shearing. The shearing mode generates buckling of local layers and matrix cracks. After that, a delamination is initiated with the point of V followed by dilation in the transverse direction that involves a buckling of the external layers. At the end of dynamic compression, this buckling involves a delamination and a separation of several layer blocks. Figure 12 illustrates the evolution of damage. The macroscopic damage can also be detected by the presence of a second peak on the ()
curve. As shown in figure 13 , a fall in stress occurs at the appearance of this peak, which is associated to the formation of the letter V and delamination on the external layers. In the curves describing the strain rate and stress evolution during the test, one can distinguish various zones, which can be summarized as follows: i. For non damaging tests, Figure 13a Zone : fast evolution of ε , which can be interpreted by the self-installation of the sample between the bars. Indeed, the parallelism of the sample facets in contact with the bars is not 100% guaranteed, which accounts for clearance and zero stress in this zone.
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Zone : Once perfect contact is ensured, the strength of material generates a drop in ε and an increase in σ .
Zone : evolution of σ translates the incidental signal evolving around an average value with ε tending towards a zero value. When ε tends towards zero, the sample reaches maximum compression under maximum stress. -Zone : in this zone, ε changes sign whereas σ starts to decrease; the specimen began to relax. This behaviour can be interpreted by the specimen springback, which is carrying out by an analysis of stereotypes taken by high-speed photography. At the end of this zone, the two signals are cancelled at the same time.
ii. For damaging tests, Figure 13b Zone : same observations as for zone 1 of the non damaging tests. -Zone : Once perfect contact is ensured, material strength generates a drop in ε and an increase in σ .
Zone : the stress evolution represents dynamic compression with a constant average value of σ and ε . In this zone, where σ reaches its maximum value, more marked fluctuations compared to the non damaging test. One can explain this phenomenon by the appearance of the damage on a microscopic scale. -Zone : the accumulation of microscopic damage involves the appearance of a macroscopic defects. Inherent damage in the specimen generates a rapid fall in the stress with a rapid increase in ε .
Zone : the damaged specimen becomes more compact, which causes a sharp drop in ε . In this zone, σ always decreases but in a way less marked than in zone 4. One can note that the appearance of the damage brings about the disappearance of the springback behaviour. ii. Pressures higher or equal to 0.8-0.9bar • In-plane view At the beginning, the compression wave generates a deformation on the entire sample. As compression evolves, one can see delamination, which occurs in the opposite sides of the sample. The size and the incidence of this damage become increasingly significant as a result of increasing pressures and they start to cross the sample starting from pressure 1 bar, Figure 14 .
• Out-of-plane view The first damage occurs in the layers plane. Indeed compression generates a crack along the diagonal of the external layers and can sometimes occur along the two diagonals. These cracks can cause the failure of the weft or warp yarns. Figure 14 illustrates the stages of the crack formation along the diagonal. i. Pressures lower than 0.7-0.8bar For this impact pressure, slight plastic strain is detected by analyzing the stress-strain curves.
ii. Pressures higher or equal to 0.7-0.8bar By analyzing the videos and frames it is of note that the dynamic compression of the samples can create three damaging modes independent of the strain rate.
• First damaging mode The sample undergoes plastic deformation at the beginning of the shock, then compression of the sample generates a damaged zone which has the shape of the letter V on the incidental bar side. The evolution of damage in this zone generates a shearing mode between the V zone and the rest of the specimen. Under the compression wave effect, there is a buckling mode of the external layers, which leads to local delamination at pressures between 0.8 and 1bar. This leads to a delamination of packages of layers for pressures from 1.2 to 1.6bar. At the same time, the penetration of the angular point of V generates delamination of the specimen in the transmitted bar side. Figure 17 shows the stages of damage.
• Second damaging mode This mode begins with local plasticity followed by the generation of a V zone but on the transmitted bar side. The shearing mode propagates at the tip of the V domain along the two directions formed by the letter V. At the end of this propagation, a large deformation occurs transversally and generates layer buckling under the effect of the compression wave, which causes delamination, and separation of packages of n layers. Figure 18 illustrates the three stages of the evolution of the damage.
• Third damaging mode This damaging mode seldom occurs, it begins with a local plasticity, as for the first two previous modes, followed by the formation of two V zones, one on the incidental bar side and the other on the transmitted bar side. This mode is the most severe of the three modes, this is why it can cause extensive damage even at relatively low impact pressures, Figure 19 . ). The damage is initiated by a crack crossing the laminate layers and forming the letter V. The branches of the letter V represent macro cracks, which continue to propagate through the layers. The final failure of the laminate is generated by these cracks. This failure involves the formation of several pieces of various dimensions, Figure  21 . 20 . For this lower range of impact pressure there were only residual "plastic" deformations due to matrix cracks. One can also notice that the nature of the damage is strongly affected by the laminates orientation, which stills a parameter in improving also out of plane dynamic compressive strength. The multiplication of the microscopic cracks involves the catastrophic failure. The high strength recorded for 20° and 30° can be correlated with damaging modes observed and reported in figure 22 . In fact for these specimens multiple mode fracture is depicted. As the strain rate increase more damage mechanism is involved; from matrix cracking to delamination with multiple paths to final fracture. For 0° and 45° specimens a dominant path is observed along the weakest link, respectively across weft yarns and plies interfaces, which may explain the lower strength. The kinetics of damage for this direction of loading is strongly conditioned by the specimen's fibre orientations. Figures 23 and 24 summarize the history of damaging modes for the various laminates. 40 . For this lower range of impact pressure there was no macroscopic damage but the existence of microscopic damage remains a possibility. It can also be noticed that the nature of the damage is strongly affected by the orientation of the laminates, a major parameter in improving dynamic compressive strength. The multiplication of the microscopic and macroscopic damage involves catastrophic failure. For these specimens a multiple fracture mode is determined and described. As the strain rate increases more damage mechanisms are involved; from matrix cracks to delamination with multiple paths to final fracture. The damage kinetics for in-plane loading is strongly conditioned by the specimen's fibre orientations. The initiation and propagation of failure mechanisms at different strain rates have been examined. Specimens fail due to fibre kinking at low strain rates, with delamination and interfacial separation dominating the high strain rate failure regime. For OP tests, the stress-strain curves of the composite materials show that the material is strongly sensitive to fibre orientation at the same impact pressure: the initial modulus of elasticity and maximum failure stress, strain at maximum stress and the maximum strain are all dependent on fibre orientation and strain rates. The initiation and propagation of failure mechanisms at different strain rates have been examined. The most pronounced effect of increasing the strain rate results in changes in the failure modes. Off-axis composites and angle ply laminates exhibited significant nonlinear and strain dependent behaviour. The glass/epoxy composite material is more resistant for OP loading. Indeed, the damage appears for high pressure.
